The resolution and wear properties of carbon nanotube and etched-silicon atomic force microscopy probes are compared in intermittent-contact mode. Carbon nanotube probes have at least 20 times the life of etched-silicon probes and provide better resolution at all stages. Sample wear is minimized with carbon nanotube probes. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1452782͔
In this letter we quantify the improved resolution, the long life and the superior imaging properties of CNT probes on fragile samples. We compare the wear and degradation of conventional commercial etched-silicon ͑ES͒ probes with those of multiwall CNTs during intermittent-contact imaging. We confirm at least an order of magnitude longer life of the CNT without degradation of resolution; in fact we are not able to find a reduction of resolution or any wear of the CNT even after more than two meters of scanning ͑over 1000 2 mϫ2 m images͒. Samples imaged with CNT probes also show negligible wear compared with those imaged with ES probes. Figure 1 shows a comparison of the resolution achievable with CNT ͑a͒ and ES ͑b͒ tips, using 10 nm Co spheres on Si͑111͒. The end form of tips made from multiwall CNTs or CNT bundles is invariably better than 20 nm in diameter, and can be made as small as 3 nm, providing resolution of this order. Although new ES tips can sometimes achieve the resolution of a CNT ͑we have never observed it to be better than that of a CNT͒, their resolution begins to degrade within two or three scans in most cases. Figure 1 also shows a comparison of the ability of the CNT tips to probe deep features ͑c͒ versus that of an ES tip ͑d͒. Because they are long, narrow tubes, CNTs have a high aspect ratio ͑tubes with lengths from nanometers to several micrometers can be fabricated as metrology probes͒. Conventional ͑ES͒ probes have a pyramidal shape, which is apparent in the AFM image of a deep trench. Thus, CNT probes can profile morphologies that are inaccessible to ES probes.
The wear characteristics of conventional ES tips were compared with ProbeMAX© CNT tips by imaging a polycrystalline silicon ͑polySi͒ surface using a Digital Instruments Dimension 3100 AFM in intermittent-contact mode. The CNT probes were prepared by mounting multiwall CNTs onto commercial ES probes and altering the length and end form of the CNT. 7, 8 We used polycrystalline silicon because it is inherently rough, providing a good resolution test, and fairly hard, providing a good test of tip wear. We imaged a 2 mϫ2 m area at a scan rate of ϳ2 Hz, with the AFM set to capture images continuously. The set point was kept at high values ͑low contact forces͒, throughout scanning. Electron micrographs of the AFM probes before they were used and periodically during the testing were obtained with a JEOL CM200X scanning transmission electron microscopy ͑STEM͒. Several ES and CNT tips were evaluated. Figure 2 demonstrates the results. Figure 2͑a͒ shows the initial AFM scan with an ES probe ͑all ES probes were initially very similar͒. Figure 2͑b͒ shows the AFM image obtained during the 35th scan. It is apparent that the resolution is worse already after 35 scans, a total length of scan of only 7 cm. The final image is taken on a different area of the sample to avoid convolution of tip wear and sample wear ͑if any͒. The measured rms roughness of the polySi changes from 2.87 nm, for the initial scan, to 2.62 nm, after the 35th scan, indicating the blunting of the tip. Tip wear is not observed with a CNT probe. Figure 2͑c͒ shows the initial AFM scan of polySi using a CNT tip. The measured rms roughness ͑3.14 nm͒ is almost 20% higher than that seen with a new ES a͒ Electronic mail: moloni@piezomax.com APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 11 18 MARCH 2002 tip, indicating better ability to track surface morphological features because of the higher resolution of the CNTs. We observed no change in resolution for any CNT, in some cases acquiring more than 1000 2 mϫ2 m images, corresponding to over two meters of scanning. Figure 3 shows TEM images of an ES tip initially ͓Fig. 3͑a͔͒ and after it was used for 180 scans ͓Fig. 3͑b͔͒. It has obviously become blunted. Early in the testing this particular probe also acquired a bit of contamination on its side, which we used to monitor periodically changes in the end form during the 180 scans. We observe a continuous probe degra- 
FIG. 2. ͑Color͒
Image resolution degradation using a conventional ES probe ͑a͒ and ͑b͒. The degradation is clearly apparent by the 35th scan: the image appears more blurred. As expected, the measured rms roughness is lower. Image resolution comparison using a CNT probe ͑c͒ and ͑d͒. No image degradation is observed after more than 1000 scans, as is apparent by the nearly unchanging measured rms roughness values.
FIG. 3. TEM image of a new ES tip
͑a͒ before use and ͑b͒ after 180 scans. It has obviously become blunted. This particular probe acquired contamination on its side during use. TEM images of the CNT probe used to acquire the AFM data of Fig. 2 , ͑c͒ initially, ͑d͒ after 1105 scans. The probe has not changed its length. A ''ball'' of apparent contamination appears away from the end of the tube; the resulting shape may be useful for sidewall probing.
FIG. 4. ͑Color͒ Sample wear by different probes. A comparison of 1 m
images over a number of hours repeated on the same spot on a sample containing very small SiGe three-dimensional islands ͑huts͒ using ES ͑top row: initial, after 1 h, after 15 h͒ and CNT ͑bottom row: initial, after 1 h, after 9 h͒ probes. Image degradation is noticeable already after 1 h of imaging with an ES tip, while there is none even after 9 h of imaging with a CNT tip. dation. It is clear that the force during intermittent-contact scanning is sufficient to cause wear of the Si at the tip. We have observed no catastrophic failures of CNT tips during scanning. Figures 3͑c͒ and 3͑d͒ show TEM images of the probes used to acquire the AFM data of Fig. 2 . There is neither a shortening of the CNT nor a change in the end form. The decrease in measured rms roughness is within the error of such determinations, changing from 3.14 to 3.07 nm after more than 1000 scans. We have made many measurements with ES and CNT tips that support the results shown here, though we have not used any other CNT tip for 1100 scans. We observed that CNTs do not easily break and there is anecdotal evidence that they do not wear rapidly. These features are essential for several reasons: ͑1͒ no change in resolution over time; ͑2͒ reliability-no debris left in any of the regions that have been probed; and ͑3͒ reduced down time for probe changes, a significant advantage for a realtime, on-line tool, such as in process inspection and characterization of advanced microelectronic device structures.
In a related experiment we investigated sample damage caused by CNT and ES probes. We imaged SiGe quantum dots grown on Si͑001͒ using intermittent-contact mode. These quantum dots are regularly shaped pyramids bounded by ͑105͒ facets with a typical height of Ͻ5 nm and base width of Ͻ50 nm.
9 Figure 4 shows a comparison of images over a number of hours repeated on the same spot on the sample, using ES ͑top row͒ and CNT ͑bottom row͒ probes. Again, the initial resolution provided by the CNT tip is better than that by the ES tip. Image degradation is noticeable already after 1 h of imaging with an ES tip, while there is none even after 9 h of imaging with a CNT tip. We confirm surface degradation, in the case of the ES tip, by imaging a virgin area after the above scans are completed and observing a better image than on areas that have been repeatedly scanned. We can conclude that with CNT tips, neither the sample nor the probe is affected by the act of imaging. The most reasonable explanation for this combined behavior is that the CNT probe will buckle to absorb the force at contact. It is well known that CNTs are able to buckle without breaking. 10 ES probes are widely used. Our results reinforce their limitations in terms of rapid resolution degradation with use and the inability to image high-aspect-ratio features. We have shown that CNT tips do not have these limitations. If accurate roughness values to better than 20% are important, even a new ES tip is not satisfactory. No metric exits for deciding when a tip is ''worn out,'' as this definition must depend on the initial resolution that is required to image the morphology of interest. If we take degradation of the rms roughness value as a measure of resolution and if we take an rms value change of 10% as the metric of a worn tip, then our results on polySi indicate a useful life of about 10 cm of scan length for an ES tip. A CNT tip has a useful life of at least 20 times higher, with the upper limit not known because we have not been able to determine this limit. This long life, the lack of debris from the tip, and the ability to probe deep holes and vias should make CNT tips the ideal probe for surface metrology in the semiconductor and related industries. Their gentleness as a probe additionally provides benefits in imaging easily damaged materials.
